Ball milling is a simple, fast, cost-effective green technology with enormous potential. One of the most interesting applications of this technology in the field of cellulose is the preparation and the chemical modification of cellulose nanocrystals and nanofibers. Although a number of studies have been reported in the literature, the potential of this technique in the field of cellulose nanoparticles has not been fully exploited. This minireview aims at putting existing work into perspective, highlighting the significance and the potential of this green, sustainable technique to facilitate the identification of areas of future development.
Introduction
In recent years there has been a growing awareness of the importance of the environmentally friendly design of chemical products and processes. The concept of sustainability is strongly impacting the chemical community, which is more and more focusing on minimizing the use of hazardous substances and adopting green synthetic strategies from renewable, sustainable resources as starting materials. [1] [2] [3] In this respect, cellulose, being an abundant, cost-effective, biocompatible, biodegradable, natural material, has drawn considerable attention because of a myriad of applications in e.g. paper, textiles, coatings, pharmaceuticals, implants, tissue engineering and many others. 4, 5 This linear homopolysaccharide is composed of glucose units linked together through b(1-4)-glycosidic bonds. 6 The cellulose chains are interconnected through hydrogen bonding and Van der Waals interactions to form elementary brils, which further assemble into larger micro-and nanobrils about 2-10 nm thick (Fig. 1 ). Within these aggregates the cellulose chains can be organized into disordered amorphous-like regions or into highly ordered crystalline structures. Depending on the unit cell dimensions and the polarity of the chains, cellulose can exist in different polymorphs (I, II, III and IV). Cellulose I is the most common polymorph in native cellulose, whereas cellulose II is the crystal aer different types of treatment. The term microbrillated cellulose (MFC) describes aggregates of cellulose nanobers (CNF) containing both amorphous and crystalline regions, which can be extracted from raw materials by a combination of mechanical and chemical actions. Nanobers can be obtained by mechanical shearing actions such as high-pressure homogenization, cryocrushing, microuidization, high intensity ultrasonic treatments and grinding. 8, 9 Chemical treatments (e.g. acid hydrolysis, TEMPO-mediated oxidation and enzymatic reactions) can facilitate this process as well as biological pretreatments (e.g. enzymatic degradation in the presence of microorganisms like fungi), which can help the removal of lignin and hemicellulose. 6, 10 The resulting brils can form highly viscous, entangled networks in aqueous media at concentrations below 1 wt%. Cellulose nanobers can also be produced in highly crystalline form by different types of bacteria (e.g. Komagataeibacter Xylinus). 11, 12 These are cultivated in aqueous nutrient media and the bres are excreted at the interface with the air. Bacterial nanocelluloses (BNCs) have a high weight-average molecular weight and a good mechanical stability. The extraction of the crystalline regions contained within the cellulose microbrils allows collecting crystalline rod-like particles called cellulose nanocrystals (CNCs). 8, 9 These particles have a well-dened shape and are mainly obtained by acid hydrolysis, which degrades the amorphous regions and disrupts the hydrogen bonds. Compared to CNFs, CNCs are highly crystalline and have a smaller aspect ratio (i.e. length to width ratio). CNFs, CNCs and BCNs are more broadly dened with the term nanocelluloses, which describes cellulosic extracts or processed materials with one dimension in the nanometre range.
Amongst all the methods that can be employed for the mechano-chemical processing of cellulose, ball milling is an emerging technique, which allows avoiding organic solvents. Being easy to use, fast, economical and environmentally friendly, this technique has recently acquired growing interest in chemistry. This paper will focus on the applicability of ball milling for the production and the chemical functionalization on cellulose nanobers and nanocrystals and will explore recent developments in this eld. A variety of research articles and reviews has already been published on the use of ball milling in process engineering, organic synthesis and bio-and polymer nanocomposites. [13] [14] [15] [16] [17] However, the potential of this technique in the eld of cellulose nanoparticles has not been fully explored. The aim of this article is to put the existing work into perspective, highlighting the signicance and the potential of this green, sustainable technique to facilitate the identication of areas of future development.
The ball mill
Ball milling is a mechanical technique widely used to grind powders into ne particles and blend materials. 18 Being an environmentally-friendly, cost-effective technique, it has found wide application in industry all over the world. Since this minireview mainly focuses on the conditions applied for the preparation and functionalisation of nanocellulose derivatives by ball mill, rather than the machinery itself, the different types of machines available in industry will not be herein described. Nevertheless, a general description of the different types of equipment is reported in this section. Depending on the application, there are different types of ball mill. However, it generally consists of a hollow cylindrical shell rotating around its axis, which is partially lled with balls made of e.g. steel, stainless steel, ceramic or rubber (Fig. 2a) . It relies on the energy released from impact and attrition between the balls (grinding or milling medium) and the powder. Advantages of this technique include cost-effectiveness, reliability, ease of operation, reproducible results due to energy and speed control, applicability in wet and dry conditions on a wide range of materials (e.g. cellulose, chemicals, bres, polymers, hydroxyapatite, metal oxides, pigments, catalysts). In contrast, potential disadvantages include: the possibility of contamination, formation of nanomaterials with irregular shape, noise, long milling and cleaning times. Different types of equipment are also available depending on the material to be treated, which have been described in detail in a recent review by Gorrasi and Sorrentino. 19 In particular they classify the ball mills in two groups depending on their operation mode: direct and indirect milling. In the rst case rollers or mechanical shas directly act on the particles and transfer the kinetic energy. In the second case the kinetic energy is rstly transferred to the mill body and then to the grinding medium. These ball mills are the most widely used in the eld of cellulose and they can be further divided into three groups: tumbler ball mills, vibratory mills and planetary mills (Fig. 2b) . A tumbler mill consists of a cylinder partially lled with steel balls rotating about its longitudinal axis. In this type of instrument, the efficiency of the process mainly depends on the diameter of the mill. Larger diameters allow greater height of the fall and consequently a higher energy transmitted to the balls. In vibratory mills the vessel containing the sample and the grinding medium are shaken back and forth at high vibrational frequencies. Important factors, in this case, are the vibrational frequency, the amplitude of vibration and the mass of the milling medium. Finally, in a planetary mill the vessels are placed on a rotating supporting disk and they rotate around their own axes. Again, the size of the vessels is an essential parameter for the efficiency of the process as a higher distance allows a higher kinetic energy and therefore stronger impacts.
Effects of milling on the properties of cellulose
Ball milling has a high inuence on the microscopic and macroscopic properties of the resulting material aer treatment, such as structure, morphology, crystallinity and thermal stability. The effect of ball mill on the morphological and structural features of cellulose has been described by Okajima and co-workers.
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They treated microcrystalline cellulose derived from cotton linters in a planetary ball mill at 200 rpm for 4-8 hours in dry and wet conditions with three solvents (water, toluene, 1-butanol). They observed that the different media had an effect on cellulose destruction during the process, leading to variations in morphology, polymorphism and crystallinity. These differences were attributed to the effect of the solvent on the hydrogen bonding amongst the cellulose particles. In dry conditions, aggregated globular particles (5-10 mm diameter) were formed, with a low degree of crystallinity. Globular particles were also obtained in aqueous medium, but the X-ray diffraction prole showed that the crystalline structure was partly converted to cellulose II and retained some cellulose I crystal. When toluene was used as a solvent, plate-like particles were achieved (<5 mm diameter), which maintained the same crystallinity as cellulose I and did not form cellulose II. In the presence of 1-butanol, a mixture of globular and plate-like particles was obtained, which kept their original crystalline structure with some amorphous regions.
A change in morphology of microcrystalline cellulose was also described by Zheng et al., who observed a morphological transformation of microcrystalline cellulose from rod-like to spherical aer ball milling was applied. 21 These particles were employed in combination with starch to produce some pastes, whose rheological properties were remarkably inuenced by the concentration of microcrystalline cellulose and the milling time applied to obtain it.
Further research on the effects of milling conditions (i.e. ball-to-cellulose mass ratio, milling time, ball size and alkaline pre-treatment) on the morphology of the prepared nanocellulose derivatives was undertaken by the group of Wang.
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More in detail, they found out that the size of the milling balls has an impact on the formation of brous morphologies rather than particulates. Fibre morphology was also considerably inuenced by milling time and ball-to cellulose mass ratio.
Interesting studies on the effects of ball milling on the crystallinity of cellulose were reported by Ago et al., who demonstrated that the mechano-chemical treatment of microcrystalline cotton-derived cellulose in aqueous environment led to the crystalline transformation of cellulose I into the cellulose II polymorph. 24 Ball milling was performed, in this case, in the presence of 30-50% water in a planetary equipment at 400 rpm for 2 hours. Further studies on the effect of ball milling on the crystallinity and the surface state of cellulose were undertaken by the Saito group, which observed variations of these parameters in aqueous conditions and in the presence of sodium and potassium chloride salts. 25 These studies were conducted on microcrystalline cellulose in a tumbling mill machine at 215 rpm for 2-20 hours. The obtained results showed that wet conditions were more effective than dry conditions on the reduction of the degree of crystallinity and the deformation of the sample morphology. Interestingly, the greatest decrease in crystallinity was observed in the sample containing KCl, whereas the crystallinity of the sample containing NaCl was higher than when the starting material was milled in the absence of salts. This was explained with the fact that K + and Na + ions acted as water-structure breaker and former agents respectively.
The effect of ball milling on the crystallinity index of cellulose was also studied by Ahmad and co-workers. 26 They treated crystalline cellulose in a planetary ball mill at 600 rpm for 2 hours and studied the differences between the starting material and the nal product by a range of techniques including FT-IR, X-ray diffraction, SEM and TGA. The obtained results demonstrated that the ball mill treatment inuenced the morphology of the cellulose (which changed to a quasi-circular morphology) and induced a remarkable decrease of crystallinity and thermal stability. Similar conclusions regarding the thermal degradation prole of cellulose were drawn by Hideno, who compared the thermal degradation properties and the crystallinity of commercially available microcrystalline and amorphous cellulose aer milling in a planetary instrument for 5-60 minutes.
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In particular, in this case, the thermal degradation temperature of crystalline cellulose decreased proportionally with longer milling times. In contrast, this property barely changed in the case of amorphous cellulose.
Preparation and chemical modication of cellulose nanoparticles
One of the most interesting applications of the ball mill in the eld of cellulose is the preparation of CNCs and CNFs (Fig. 3 ). Being cheap, easy to use and rapid, this method offers several advantages to obtain nanocelluloses and cellulose nanocomposites. [28] [29] [30] However, the applied conditions (e.g. presence of solvents and catalysts, milling time and speed) need to be carefully monitored to avoid excessive grinding of the raw materials. This technique under appropriate conditions and in combination with chemical or enzymatic treatment, can also be employed to induce cellulose hydrolysis and depolymerisation. Since the current article mainly focuses on the extraction and functionalization of nanocelluloses, these applications will not be discussed, but further information can be found in literature.
31-37 Preparation of cellulose nanocrystals (CNCs)
Cellulose nanocrystals are usually obtained by hydrolysis of native cellulose with mineral acids, which allows the destruction of the amorphous regions of cellulose and the liberation of the crystalline regions (Fig. 3 ). This process is facilitated by shearing actions. The ball mill allows applying mechanical forces in the presence of chemical agents, therefore it represents an ideal method to combine chemical and mechanical actions to obtain CNCs. Factors that should be taken into consideration are the acid selected for hydrolysis, applied pretreatments, time and speed of milling, as they can affect the crystallinity, the morphology and the size of the extracted CNCs.
Lu et al. employed the ball mill to obtain nanocrystals from bamboo pulp by a mechano-chemical treatment in the presence of phosphoric acid. 38 The pulp was rstly pre-treated using a Fibre Dissociation Device. The obtained material was then ball milled for 1.5-3.5 hours at 400 rpm in the presence of phosphoric acid to give a transparent solution. In this mechanochemical approach, phosphoric acid worked as a swelling agent during cellulose dissolution and facilitated the disintegration of cellulosic bres into nanobers. Double distilled water was then added to separate cellulose from a gelatinous precipitate that was also formed. Cellulose nanocrystals were extracted by multiple centrifugations and a subsequent ultrasonication treatment under stirring for 1-3 hours at 50
C. The obtained particles were mainly composed of the cellulose type-II polymorph and had a length of 100-200 nm and a width of 13-30 nm. Subsequently, the same research group designed another method to extract cellulose nanocrystals from bamboo pulp by mechano-chemical activation in the presence of phosphotungstic acid. 39 Milling was performed for 1.5-2.5 hours, followed by purication and ultrasonication. The resulting nanocrystals had a regular rod-like structure with a curled at shape, 200-300 nm length and 25-50 nm width. Decisive parameters in the process were the phosphotungstic acid concentration, the reaction time and the milling duration. In particular, at a constant acid concentration, the yield of the isolated CNCs increased with longer reaction times, with optimal conditions aer 4.5-5 hours. The yield also increased by increasing the concentration of phosphotungstic acid from 10 to 15%. This facilitated the hydrolysis of the amorphous regions of cellulose and the extraction of the nanocrystals. However, at higher concentrations of acid, the yield of CNCs decreased probably due to synergistic effects of the acid and the ball milling process on the hydrolysis of the crystalline regions of cellulose.
The use of ball milling to obtain cellulose nanocrystals was also explored by the group of Yu, who extracted CNCs from ballmilled wood via a multi-step process.
40 Douglas-Fir wood chips were rstly hammer-milled to wood ours, which were then treated using a planetary ball mill at 270 rpm. This process was followed by enzymatic hydrolysis and treatment with sodium sulphites. The resulting material was then subjected to a delignication process, bleaching and acid hydrolysis in the presence of sulphuric acid. The obtained CNCs had an average length size of 135 nm and an average width of 6 nm. Compared to the previously described methods, this procedure is more complex and requires several steps, however it also allows the extraction of sugars, lignosulfonates and cellulose through the various steps.
A different method to obtain CNCs was described by Sun and co-workers, who compared the effects of different pretreatments on the morphology and crystallinity of the extracted nanoparticles. 41 Cellulose from cotton linters was rstly pre-treated by ball milling, freeze drying or mercerization and then hydrolysed or oxidised in the presence of sulphuric acid or TEMPO reagent respectively. Ball milling was performed for 24 hours at 1000 rpm. With this pre-treatment, the resulting nanocrystals had a spherical shape with a 100-200 nm diameter and a 3-7 nm height, rather than a rod-like shape. This demonstrated that the applied pre-treatment was a determining factor in the morphology and particle size of the resulting CNCs. Spherical particles were isolated when mercerization or ball milling were performed, which allowed a higher accessibility compared to the other treatments.
Sphere-shaped nanocrystals were also manufactured by the group of Endo, which described the extraction of CNCs by only applying mechanical actions (i.e. high-pressure homogenization (HPH) and ball milling) without a subsequent chemical treatment from wood-pulp derived cellulose powder. 42 When the HPH was employed as the sole treatment, rod-like nanowhiskers were isolated with a 200-500 nm length and a 11-16 nm width. These were prepared from a 1% (w/v) aqueous slurry, which was stirred at room temperature for few days. HPH was then applied with a total of 10 passes. Spherical particles were extracted when the HPH was preceded by ball milling. In this case, the vacuum-dried powder was ball milled using a planetary instrument at 400 rpm for up to 8 hours with 10 minutes pauses every 10 minutes. The resulting material was then passed through the HPH and subsequently washed with distilled water. The milling time had a remarkable inuence on the diameter of the resulting spherical CNCs (40-200 nm) and on the isolated polymorph, since conversion of cellulose I to cellulose II was observed aer four hours. This demonstrated that by selecting an appropriate milling time, CNCs of different polymorphs with similar morphology could be obtained.
More recently, Song et al. described a new method to extract CNCs from raw cellulose by ball mill assisted acid hydrolysis.
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The starting material was rst ground in water using a ball mill at 1300 rpm, then treated with oxalic acid. Due to the relatively weak acidity of oxalic acid, ball milling was in this case employed as a pre-treatment to destroy the bre structure and facilitate the acid hydrolysis. When the reaction was completed, the mixture was centrifuged to isolate the obtained nanocrystals. The yield of the isolated CNCs and their morphology was inuenced by several variables including milling time, acid concentration, reaction temperature and time. Interestingly, the authors also considered the economic and commercial aspects of the process and showed that the described method was more cost-effective compared to more traditional ones based on sulphuric acid hydrolysis.
The formation of cellulose crystals by ball mill assisted hydrolysis was also reported by Tian and co-workers, who described the preparation of microcrystalline cellulose (MCC) from eucalyptus pulp by mercerization and subsequent ball mill treatment. 44 The pulp was rst treated with sodium hydroxide, then milled in the presence of the same at 450 rpm for 5 hours. The obtained MCC was combined with starch to obtain reinforced lm composites with improved mechanical strength compared to starch.
Functionalisation of CNCs
As previously mentioned, one of the advantages of ball milling is that it allows applying mechanical shearing actions in the presence of chemical agents. For this reason, this technology can be exploited not only for the extraction of cellulose nanocrystals, but also to functionalise them. Optimisation of the applied method, however, is of fundamental importance since the yield and the degree of substitution (DS) of the isolated crystals is affected by milling duration and rotation speed.
Tang et al., for example, described a solvent-free method to extract and chemically modify CNCs in the presence of maleic anhydride. 45 This process was applied on cellulose pulp from lter paper, which was mechano-chemically treated in a planetary ball mill with maleic anhydride and sulphuric acid at 500 rpm for 0.5-2 hours. This was followed by treatment in an ultrasonic reactor to improve the efficiency of the chemical reaction. The treatment with the ball mill had an effect on the yield (i.e. the percentage of nanocrystals extracted from cellulose pulp) and the degree of substitution of the resulting CNCs. When ball milling was not applied, only a 16.3% yield was achieved, whereas, aer milling for 0.5-1 hour, the yield improved to 56.1-61.1% probably due to breakage of inter-and intra-molecular hydrogen bonds, with a consequent increase of hydroxyl groups available to react. It was noted that rising the reaction time to 2 hours resulted in an excessive destruction of the cellulose crystalline structure and in a decrease of the yield to 54.7%. A similar effect was observed for the DS values, which improved by increasing the milling time to one hour and subsequently decreased when the process duration was extended to two hours. The esterication of the most accessible regions took place rst, followed by functionalization of the less reachable parts of the crystals. Variations in crystallinity were also observed. In particular, an increase in crystallinity was detected due to the degradation of the amorphous regions of cellulose during the performed reactions.
The manufacturing and functionalization of cellulose nanocrystals by ball milling was also described by Lu et al., who reported the mechano-chemical treatment and esterication of bamboo bres in the presence of 4-dimethylaminopyridine (DMAP) as a catalyst. 46 The cellulose bamboo pulp was ball milled with DMAP at 500 rpm for 1-3 hours. Aer the reaction, the mixture was sonicated and puried by multiple centrifugations with double distilled water at 10.000 rpm for 15 minutes. This method allowed obtaining short rod-like CNCs with an average length of 130-230 nm and an average width of 20-40 nm. Interestingly, the strong hydrogen bonding among the nanocrystals led to the formation of web-like self-assembled networks. In this case, the mechanical treatment did not cause a change in the cellulose polymorphism. However, variations in the crystallinity were observed, which increased from 63.5% to 71.3% by increasing the milling time from 1 to 2 hours and decreased to 67.3% aer 3 hours, probably due to excessive destruction of the crystalline regions. The functionalized CNCs kept a high crystallinity index, conrming that the chemical modication mainly occurred at the surface or in the amorphous regions of cellulose. Furthermore, variations in the yield and in the DS of the obtained CNCs were observed. In particular, an increase in the yield from 17.45% to 43.06% and in the DS values was observed when the duration of milling was brought from 1 to 2 hours. This was explained with the action of the ball mill on the inter-and intramolecular hydrogen bonds, which were cleaved leading to a higher number of hydroxyl groups available to react. When 3 hours milling time was applied, the yield decreased to 34.37% together with the DS, probably due to excessive destruction of the crystalline regions.
Preparation of cellulose nanobers (CNFs)
Cellulose nanobers are usually prepared by a combination of chemical and mechanical treatments, which allow extracting the nanobers aer removal of lignin and hemicellulose (Fig. 3) . 47 The use of the ball milling technology to obtain CNFs has been only partially explored. Most of the reported studies were performed in wet conditions, as they were found to be optimal for brillation. This is mainly due to the fact that bre swelling in water or organic solvents allows the disruption of hydrogen bonds avoiding excessive grinding of the starting materials. Factors to be taken into consideration are milling time, rotation speed and solvent employed, as they have an inuence on brillation, crystallinity, size, morphology and thermal degradation properties of the isolated bres.
The group of Okamoto described the production of cellulose nanobers from commercially available cellulose powder in aqueous medium. 48 The starting material was rstly pulverized and then brillated by milling at three different rotational rates (150, 200 and 250 rpm). The pulverization time affected the particle size, which diminished with longer milling times. When pulverization was performed in the presence of a higher water content, brillation improved due to disruption of hydrogen bonds and bre swelling. The resulting bres were employed as reinforcement in wood our board to replace chemical adhesives.
Ball milling in aqueous conditions was also employed by the Wang group to obtain cellulose nanobers from wood pulp. 49 In particular, they rst treated dried the so wood pulp in water at room temperature to loosen the hydrogen bonding between the bres, then they milled the resulting loosened bres in aqueous medium for 2 hours. The isolated NFCs had an average diameter of 32 nm and a rather at shape, as shown by SEM. Later on, the same research group employed this preparation method to obtain NFCs, which were freeze-dried and used for the fabrication of carbon nanobers by pyrolysis. 50 The NFCs had a diameter below 100 nm and the morphology of the resulting carbon nanobers was inuenced by the applied drying method. Further studies conducted on ball milled NFCs in aqueous media showed that the different dimensions of the nanobers had a remarkable inuence on the bre ability to form sheets by different methods. 51 The samples with a more heterogeneous distribution of bres displayed a better ability to form sheets compared to more homogeneous samples.
In contrast, Nuruddin et al. applied ball milling aer chemical treatments. 52 The cellulose used as a starting material in this case was extracted from wheat straw and kenaf bers via formic acid/peroxyacetic acid and hydrogen peroxide treatment. Milling was then performed in 80% ethanol for 30-120 minutes using a high-energy ball mill. The mechanical treatment resulted in a reduction of the bre length and diameter, probably due to degradation of the cellulose amorphous regions. Fibrillation was helped by the wet environment, which facilitated the intra-bre swelling. Longer milling times enhanced the breaking of the hydrogen bonds, inducing a higher separation of the resulting nanobers, and a 13-17% decrease in crystallinity. The diameter of the resulting CNFs was in the range of 21-30 nm. In this case, the thermal stability of the cellulose nanobers did not change signicantly aer ball milling.
Militky and co-workers described the preparation of CNFs from jute bres in aqueous conditions. 53 Jute was rstly chemically treated to remove the lignin and hemicellulose. The resulting material was then initially pulverized using a planetary mill in a dry environment (10 minutes) and subsequently in wet conditions (3 hours) at 850 rpm. Interestingly, the absence of a dispersion medium had an impact on the size of the resulting CNFs. In particular, ball milling in dry conditions led to a wider size distribution since the material was sticking to the surface of the container and formed aggregates due to the presence of surface interactions in the dry state. Particle size in this case was around 500 nm.
The preparation of CNFs from jute nanobers was also described by the group of Mishra, which ball milled chemically pre-treated jute bres with a planetary instrument rst at 850 rpm in dry conditions (3 minutes) and then aqueous conditions (one hour). 54 The bre size, in this case, was below 500 nm. They were employed for the recovery of mercury ions from aqueous solution. Smaller jute nanobers were obtained by Padal et al., which used a planetary ball mill at 100-200 rpm for a longer period of time (10-80 hours) in an aqueous environment. 55 The width of the resulting bres was within the range of 20-52 nm. The experiments were carried out at different rotational speeds, milling times and using different ball sizes. Optimal conditions to achieve better debrillation were observed at the highest milling speed (200 rpm) with 3 mm diameter balls aer 20 hours.
A different method to extract cellulose nanobers was reported by Phanthong et al., who applied ball milling as a pretreatment, followed by acid hydrolysis. 56 Commercially available cellulose paper was treated in a planetary instrument at 300 rpm for 0.5-3 hours. Acid hydrolysis was then performed using sulphuric acid (47 wt%) for 90 minutes at 45 C. The ball mill worked by cracking the cellulose microbrils along their longitudinal axis leading to nanobers with a shorter diameter and length when longer milling times were applied. The mechanical pre-treatment inuenced the crystallinity and crystal sizes of the CNFs as the amorphous regions were degraded and removed. The thermal degradation prole of the bres was also affected, as the collected CNFs had a lower decomposition temperature compared to those that were not ball milled.
More recently the same research group described a method to extract cellulose nanobers in high yield (93.1%) in the presence of the ionic liquids 1-butyl-3-methylimidazolium chloride (BMIMCl) and 1-ethyl-3-methylimidazolium acetate (EMIMOAc). 57 These ionic liquids were chosen since they can easily dissolve cellulose. Ball milling was performed on cellulose pulp using a planetary instrument at 400 rpm for two hours. Purication was then undertaken by washing with distilled water. Aer the mechanical treatment was applied, the resulting brils maintained the same crystal structure as the starting material (cellulose I), while crystallinity and crystal size decreased depending on the employed ionic liquid. In particular, the CNFs extracted using EMIMOAc had a lower crystallinity, crystal size, thermal stability and yield. This was attributed to the higher ability of this medium to interact with the hydroxyl groups of cellulose compared to BMIMCl. Despite the cost of the ionic liquids, which are notoriously expensive, this method allowed the recovery of the medium, which could be re-used at least four times.
Further studies conducted on wet milling demonstrated that the type of media employed for milling had an impact on the type of nanoparticles obtained. This was reported by Zhao and co-workers, who studied the effect of milling in dry conditions, aqueous medium and silicone oil (PDMS). 58 They used commercially available cellulose powder from cotton linters as a starting material. This was milled using a planetary instrument in dry conditions or in a hydrophilic or hydrophobic environment. The process was conducted at a rotational speed of 400 rpm for 12 hours. Aggregated globular particles were obtained by dry milling due to the fast decrystallisation, whereas nanober dispersions were achieved in wet conditions. Interestingly, milling in the presence of PDMS led to the formation of nanosheets with a specic orientation. This was explained with the alignment of the elementary brils induced by the mechanical impacts in a hydrophobic environment.
More recently, Harini et al. described the production of CNFs from banana peel by ball milling in DMSO as a dispersion medium. 59 The raw material was rst exposed to a micro-wave assisted pre-treatment that allowed the isolation of micro cellulose bres. This was followed by milling in a high-energy ball milling machine for 2 hours in DMSO and subsequent ultrasonication for one hour to disintegrate the amorphous regions within the bres. The resulting nanobers had a diameter within 100 nm and were characterised by a range of techniques including dynamic light scattering, thermal gravimetric analysis, differential scanning calorimetry, X-ray diffraction and microscopy. These were then chemically modied by esterication to give the corresponding cellulose acetate and laurate derivatives.
The use of ball milling as a debrillation method aer a series of pre-treatments of raw materials was also described by the group of Elkoun, who reported the extraction of CNFs and CNCs from carrot pulp by ball milling and acid hydrolysis respectively. 60 More in detail, NFCs were obtained from never dried carrot pulp (4%) by ball milling with zirconium balls at 2400 rpm at room temperature for different grinding times ranging from 1.5 to 5 minutes. The resulting nanobrils had a width of 2-18 nm, as shown by TEM and AFM. Interestingly, in contrast with other described processes, in this case, ball milling did not affect the crystallinity of the carrot bres. However, they displayed a lower thermal stability compared to raw bres and bleached carrot bres.
Functionalisation of CNFs
As previously described for CNCs, since the ball mill allows applying mechanical shearing actions in the presence of chemical agents, it can also be used to prepare chemically modied cellulose nanobrils. The surface properties of bres, their size, morphology, thermal stability and the percentage of functionalization are inuenced by milling time and speed, solvent, reagent quantities and applied pre-treatments. Although a number of studies demonstrated the applicability of the ball milling technology for this purpose, it has not been fully exploited and, so far, to the best of our knowledge, esterication is the only reported type of functionalization for CNFs using ball milling.
Huang et al. described the simultaneous application of mechanical and chemical actions to obtain surface esteried cellulose nanobers. 61 This process was conducted on microcrystalline cellulose for 16 hours in a planetary ball mill using hexanoyl chloride as an esterifying agent. This was followed by centrifuge washing, sonication in DMF and solvent exchange in THF. The success of the esterication reaction was conrmed by FTIR, which showed a gradual increase in the intensity of the stretching band of the ester bond with time. Aer ball milling, the DS was estimated to be 0.58. The integrity of the nanobrillar structures was conrmed by microscopy techniques, which showed an interconnected network of brils with an average width of 15-20 nm. Further studies conducted by the same research group showed that an aqueous pre-treatment was benecial for the dispersion of the starting material prior to the chemical-mechanical process and to facilitate the esterication reaction. 62 The pre-treatment was performed by immerging the starting material in water or in a 2% solution of NaOH for three days, followed by a solvent exchange in DMF. The esterication reaction was then performed in a planetary ball mill at 200 rpm using hexanoyl chloride as an esterifying agent. This process was performed including a 10 minutes cooling time every 20 minutes of milling. Compared to the previously reported method, the water pre-treatment allowed reducing the milling time from 16 to 8 hours. Different starting materials were used in this study: microcrystalline cellulose, ashless pulp and kra pulp. Differences in the resulting bre lengths and widths were attributed to the different starting materials.
Subsequently, they also reported the preparation and functionalization of NFCs with n-dodecyl succinic anhydride and succinic anhydride. 63 Microcrystalline cellulose and hardwood pulp were used as starting materials. Ball milling was performed in the presence of DMAP as a catalyst at 200 rpm for 2-40 hours with an interval of two minutes every 20 minutes of working time. The resulting nanobrils had a length of several mm and a width in the 15-20 nm range. The formation of the ester bonds was monitored by FTIR and the DS measured by conductometric titration. In particular, the maximum DS for the functionalization with succinic anhydride was obtained aer 30 hours of milling (0.31). In contrast, the reaction with n-dodecyl succinic anhydride gave a maximum DS value aer 40 hours (0.23). Variations in surface properties of the bres and in thermal stability were observed and related to the mechanical treatment and to the different ester functionalities inserted.
Manufacturing and chemical modication of cellulose nanobers with the ball mill was also described by the group of Fu.
64 Nanobrillated cellulose was obtained from wood pulp by a number of homogenization processes. It was then dispersed in DMF. This suspension was milled using a planetary instrument at 500 rpm for 3 hours in the presence of hexanoyl chloride and puried by centrifugation. By controlling the milling duration and the reagent quantities, CNFs with different DS values and sizes were obtained. These materials were used to produce lms, which displayed enhanced tensile strength and elongation at break in comparison to unmodied cellulose due to disentanglement or to higher aspect ratio of bres. At higher DS values, the mechanical properties further improved due to improved dissolution of cellulose, which generated a continuous phase surrounding undissolved bres.
The same reaction in the presence of hexanoyl chloride was also described by Kang et al., who used corncob cellulose as a starting material. 65 The isolated products were employed to produce cellulose nanopaper with high optical transparency and tensile strength. Interestingly, the IR studies conducted during ball milling demonstrated that the brillation of cellulose and its esterication took place simultaneously leading to a rapid growth of the DS during the rst 12 hours, which reached a maximum value of 0.96 aer 24 hours.
As mentioned before, esterication is, as far as we know, the reaction that has been most described. This type of modica-tion was also reported by Rao et al., who used ball mill-assisted cellulose functionalization to induce surface uorination. 66 The reaction was carried out on commercially available cellulose powder in the presence of pentauorobenzoylchloride (PFBC) as an esterication agent and pyridine as a catalyst in DMF or toluene. Ball milling was performed at 200 rpm for 12 hours, followed by purication by multiple centrifugations in toluene, DCM and ethanol. In this case, the employed organic medium had a strong inuence on the percentage of functionalization and on the microscopic morphology of the obtained cellulose bres. Milling in DMF allowed the formation of highly surfacefunctionalised nanobers, whereas, when toluene was used as a dispersion medium, compacted platelets with low DS values were obtained. The employed solvent also had a remarkable inuence on crystallinity. Milling in DMF allowed maintaining cellulose crystallinity, whereas in toluene, a decrystallisation similar to dry milling was observed. Both solvents induced a high degree of hydrophobization of the resulting material.
Fabrication of CNCs and CNFs nanocomposites via ball milling
Polymer nanocomposites are dened as a class of two-phase materials of whom one of the two has one dimension in the nanometre range. 67, 68 These materials offer the possibility to improve and tailor specic properties of the mixture components, hence expanding the scope of what can be achieved with them. Due to its broad availability, variety of properties and cost-effectiveness, nanocelluloses are interesting candidates as llers to form nanocomposites in association with other polymers. By allowing the application of mechanical shearing actions in the presence of chemical agents (e.g. cross-linkers), the ball mill represents an easy method to prepare such hybrid systems. 69 One example has been reported by Wang et al., who prepared a polymer nanocomposite from cellulose nanocrystals and ultrahigh molecular weight polyethylene (UHMWPE). 70 This nanocomposite was obtained by mixing commercially available CNCs with UHMWPE in a planetary ball mill at 200 rpm rotational speed for six hours. The resulting mixture was then hot-pressed to form disk-like or dumbbell shaped derivatives, which had an improved biocompatibility and could therefore be a promising alternative to UHMWPE as a bearing material for articial joints.
Further examples were reported by Lagaron and co-workers, who employed the ball mill to obtain nanocomposites of CNCs and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). 71 The cellulose nanocrystals used as starting materials were obtained from bacteria and ground to a powder. These were milled together with PHBV using a centrifugal ball mill at 650 rpm for 60 minutes. The resulting composites were then moulded in a hot press to form thick lms. The dispersion of the CNCs within the polymer matrix was studied by SEM, which showed a good dispersion and distribution of the crystals within the nanocomposites. Compared to PHBV, the nanocomposites exhibited better thermal stability, crystallinity, oxygen permeability and a reduction of water vapour diffusion.
In a subsequent study, they also combined CNCs from bacterial sources with polylactic acid (PLA).
72 Also in this case, the nanocrystals were rstly ground and then mixed with the polymer using a centrifugal ball mill under the same conditions described in the previous study. Thick lms were produced by applying a hot press. The investigations conducted on the resulting lms showed that the CNCs were well dispersed within the PLA matrix, with some residual aggregates, which increased in number at higher concentrations of cellulose nanocrystals. The presence of CNCs within the polymeric network resulted in an increase in the crystallinity of the resulting nanocomposite. However, the thermal properties of the materials were not signicantly affected by the ball milling treatment. In comparison to PLA, the resulting nanocomposite also displayed better oxygen permeability and thermomechanical properties.
Polymer nanocomposites were also obtained by milling cellulose nanobrils with other polymers. 67 An example was reported by Abraham et al., who prepared a natural rubber/CNF composite. 73 The cellulose bres used in this study were obtained by steam explosion of banana bre and mixed with natural rubber in the presence of different cross-linkers and water using a planetary ball mill at 300 rpm for two hours followed by ultra-sonication. The resulting composite was studied by SEM and AFM, which showed that the CNFs were coated with the natural rubber latex and homogeneously distributed within the polymeric matrix with some exceptions due to the formation of aggregates. It was also observed that the milling process caused an increase in the amorphous regions of the cellulose nanobers. This enhanced the availability of free hydroxyl groups due to the breakage of intra-and inter-molecular hydrogen bonds, thus making the polysaccharide more reactive. The resulting composite also displayed variations in the mechanical properties compared to the lone components. In particular, compared to natural rubber, the addition of cellulose nanoparticles induced a decrease of the elongation break and significant increase of the Young modulus and mechanical strength.
In a subsequent study, they also investigated the barrier properties of such nanocomposites in the presence of organic solvents such as p-xylene and toluene. 74 Again the cellulose nanobers were found to be homogeneously dispersed within the rubber matrix. Interestingly, it was found that the diffusion coefficient of the loaded samples was higher at low CNFs concentrations, probably due to stronger interactions between the two polymers, which hindered the release of the cargo through the membrane.
Further studies on the same nanocomposite were also carried out by Thomas and co-workers, who prepared the polymer mixture from nanocellulose bres extracted from jute. 75 The method applied was the same as described above and included a ball mill treatment for two hours at 300 rpm in aqueous conditions together with different cross-linkers, followed by ultra-sonication. XRD and TEM conrmed that CNFs was homogeneously dispersed within the rubber matrix. The mechanical strength of the obtained nanocomposites was higher at higher concentrations of cellulose bres, due to a stronger network formed by the CNFs within the other polymer matrix. This was accompanied by an increase in the Young modulus and tensile strength and a decrease of the elongation at break.
In a recent work reported by Deng et al., a poly(3-caprolactone)/functionalized cellulose nanobers (PCL/f-NFC) nanocomposite was produced by mechanical and chemical treatment in a ball mill. 76 The two polymers were combined to give a composite with enhanced rheological properties. Functionalised NFCs were prepared by reaction with hexanoyl chloride in DMF by ball milling for 3 hours at 500 rpm. The increase in hydrophobicity of the cellulose bres aer functionalisation allowed a good dispersion in PCL and the formation of polymer composite lms. The nal materials displayed a higher tensile strength and elongation at break compared to PCL.
Conclusion
Ball milling is a simple, fast, cost-effective green technology with enormous potential. The studies reviewed showed its applicability to prepare and chemically functionalise cellulose nanocrystals and nanobers. One of the main advantages of this method is the possibility to combine it with chemical treatments, thus allowing obtaining the desired products with minimal effort. Nevertheless, a number of factors has to be taken into consideration, which can affect the features of the isolated nanocelluloses (e.g. milling time, speed, type of solvent, pre-treatments). Optimisation of the method is therefore of fundamental importance to isolate CNCs and CNFs with the desired properties. Features that can be affected include crystallinity, thermal degradation, length, width and morphology of the isolated nanoparticles. However, it should not be forgotten that the source of the raw starting material can also have a considerable impact on the efficiency of the method and the properties of the extracted nanocelluloses and therefore it should be carefully selected.
Although ball milling technology has been exploited in process engineering, organic synthesis and the formation of nanocomposites, its potential to isolate and chemically modify cellulose nanoparticles has not been fully explored, as only a limited number of studies has been carried out. In particular, further studies on the functionalisation of CNCs and CNFs would be of great interest, as it is oen problematic to react these materials, due to their low solubility in water and organic solvents. To our knowledge, esterication is the most commonly reported reaction; however, other types of chemical modication could be explored, although limited by the functional groups present. Options, for example, could be other reactions where the cellulosic hydroxyl groups act as a nucleophile. Moreover, since ball milling can be employed in dry and aqueous conditions, it could represent a green, sustainable technology for industrial application. Further studies on the preparation of cellulose-based nanocomposites would also be of interest as this technique offers a simple, fast way to obtain such hybrid systems.
Since this is a promising technology, we hope that this minireview will help to understand its signicance and potential and will facilitate the identication of areas of future development.
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